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SUMMARY 

Experiments were performed using three different types of visual 

simulations of automobile driving: 

oscilloscope; 2) a television picture resulting from a TV camera driven 

by a model car through a model environment; 3) an actual car driven 
through a test course. The driver subject in each case was asked to 

steer his vehicle so that its trajectory would successively coincide with 

one or more targets which suddenly appeared in his view ahead in pseudo- 

random positions. 
and was fixed. Forward velocity, steering dynamics, and display-control 

geometrical relationships were comparable among the three control tasks. 

1) an abstract spot moving on an 

Forward velocity was not under the subject's control 

Experimental questions concerned: 1) the effect of nreview time, 

the time during which the driver could view the input before his vehicle's 

response to that part of the input was critical: 2) the effect of configura- 
tion of targets--their number, the a priori uncertainty of their positions, 

and their relative spacing--and especially how a second target affects 

response to a first target; 3) the variability of trajectories for the 

same target configuration and preview time; 4) the degree to which the 
human responds optimally with respect to a performance criterion, given 

or inferred, 

Results with the TV remote-controlled model car simulator showed that 
the subject responded later than in the computer oscilloscope display or 

in the actual car experiments. 

he tended to respond to each target as it came. By contrast in the less 

realistic or more abstract scope display experiment the subject tended 

to "get lined up" ahead of time with respect to the line connecting the 
two targets. 
scope targets were not seen in perspective whereas the model TV and actual 

car targets were necessarily viewed in perspective. Further, the TV 

simulator constrained peripheral vision. In general the subjects consistent- 

ly differed from optimal control performance based on a criteria implied 

by the subjects' instructions, the difference being characterized by 

With both the actual car and TV simulation 

These differences may have been due to the fact that the 
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i n s u f f i c i e n t  planning f o r  t h e  second of t w o  t a r g e t s  u n t i l  a f t e r  en- 

gagement with t h e  f i r s t .  With t r a i n i n g  t h e r e  w a s  some t rend  i n  t h e  

d i r ec t ion  of optimal performance. 

Of t he  th ree  experiments in te r - run  v a r i a b i l i t y  w a s  g r e a t e s t  i n  

the  TV model c a r  s imulator ,  least i n  t h e  scope s imulator .  V a r i a b i l i t y  

w a s  usual ly  g rea t e r  f o r  t h e  second of two ta rge ts ,  though t h e  var iance  

r a t i o  was not  s t a t i s t i c a l l y  s i g n i f i c a n t  (>6.39 f o r  df = 4/4). 

I 

I 
I n  t he  TV s imulator  when t w o  s p a t i a l l y  ordered t a r g e t s  w e r e  pre- 

I 
sented simultaneously the  v a r i a b i l i t y  of response t o  t h e  second t a r g e t  I 

w a s  g rea t e r  than when presenta t ion  of t h e  second t a r g e t  w a s  delayed by 

one half  second. Again t h e  var iance  r a t i o s  w e r e  not  s t a t i s t i c a l l y  s i g n i f i c a n t  

(>6.39 f o r  df = 4/4). 

Some r e s u l t s  f o r  experiments i n  which the  d r i v e r  w a s  forced t o  steer 

f o r  one target (of two poss ib l e  pos i t i ons )  i n  open-loop fashion (without 

any visual feedback) a f t e r  a single. Rlance a t  t h e  a c t u a l  t a r g e t  pos i t i on  

showed su rp r i s ing ly  l i t t l e  d i f f e rence  from t h e  closed-loop r e s u l t s .  

ii 
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1. INTRODUCTION 

Driving s imulat ion usua l ly  involves present ing  an a r t i f i c i a l  

r ep resen ta t ion  of a d r iv ing  environment t o  a human subjec t .  

f i d e l i t y  of t h e  presenta t ion  required depends on t h e  o b j e c t i v e  of 

the  experiments. 

on t r a i n i n g  d r ive r s .  More r ecen t ly  s imulators  have been used f o r  re- 

search  i n t o  those  a spec t s  of d r iv ing  normally involving hazard t o  t h e  

d r ive r .  

The 

I n  t h e  p a s t ,  emphasis i n  d r iv ing  s imulat ion has  been 

Designs f o r  s imula tors  range from moving base s imula tors  with 

e l a b o r a t e  v i s u a l  d i sp l ays  t o  s impl i f ied  par t - task  s imula tors  whose 

purpose is t h e  s tudy of a s i n g l e  var iab le .  Among t h e  techniques pre- 

s e n t l y  employed f o r  v i s u a l  s imulat ions of d r i v i n g  are: 1) prefilmed 

moving p i c t u r e s  whose frame rate and Pos i t ion  r e l a t i v e  t o  t h e  viewer 

may be moved s l i g h t l y  during t h e  simulator run ; 2) s c a l e  models on 

moving b e l t s  viewed through enlargement o p t i c s 2  o r  c losed c i r cu i t  tele- 

v i s i o n ;  

model roadways ; 4) shadowqram pro jec t ions  of o b j e c t s  dr iven  r e l a t i v e  

t o  a f ixed  poin t  l i g h t  source and viewed from t h e  o t h e r  s i d e  of a 
f ixed  Cranslucent screen ; 5 )  osc i l loscope  t r a c e s  generated by analog 

3r digital compnters 6 * 7 * 8 .  Motion cues are sometimes added through use 

of t i l t i n g  or v i b r a t i n g  seats though the l a t te r  have ye t  t o  be proven. 

Unfortunately,  t h e r e  is  l i t t l e  known about how t o  eva lua te  the  degree 

of f i d e l i t y  necessary f o r  e f f e c t i v e  s imulat ion f o r  any given purpose. 

Recently some research  has been d i rec ted  toward s tudying t h e  v a l i d i t y  

of s imulators .  

1 

3) closed c i r c u i t  TV carried by model c a r s  and dr iven  along 
4 

5 

It would be d e s i r a b l e  t o  formulate a model of t h e  d r i v e r  which 

wouhpred ic t  t h e  d r i v e r ' s  response for  va r ious  t r a f f i c  conf igura t ions ,  

states of the  d r i v e r ,  e t c .  t hus  allowing t h e  researcher  t o  a n t i c i p a t e  

those  c r u c i a l  s i t u a t i o n s  with high accident p robab i l i t y .  The c l a s s i c a l  

servo-mechanism model of t h e  human operator  has  been appl ied  success fu l ly  

1 



9 to  continuous t r ack ing  t a s k s  . Attempts have been made t o  extend 

t h e  usefulness  of t h e  automatic con t ro l  theory models from simple 

present -s ta te  e r ror -nul l ing  t o  s i t u a t i o n s  l i k e  automobile d r iv ing  

by incorporat ing i n t o  t h e s e  models the a b i l i t y  t o  "look ahead" o r  

preview 10'11'12. This a b i l i t y  t o  preview t h e  input  and plan ahead 

is inherent  i n  much human motor s k i l l  behavior.  Sometimes preview 

of one input  is  t i m e  shared with o t h e r  i n p u t s  i n  which case probabl is-  

t i c  sampling must be included i n  t h e  model . 13 

Sheridan suggested t h r e e  models of preview controll ' .  H i s  f i r s t  

model is an extension of t h e  normal l i n e a r  convolution i n t e g r a l  t o  

opera te  on t h e  input  p r i o r  t o  t h e  t i m e  a response i s  required.  His 

second and t h i r d  models presume t h a t  t h e  human incorpora tes  a f a s t -  

t i m e  dynamic analog of himself and t h e  con t ro l l ed  process.  

model determines an optimal t r a j e c t o r y  on t h e  b a s i s  of t h e  previewed 

inpu t ,  where the  t r a j e c t o r y  i s  optimal with respec t  t o  a s p e c i f i c  

e r ro r - e f fo r t  penal ty  t radeoff  presumably inherent  i n  t h e  opera tor .  

His t h i r d  

In a paper by Sheridan and Roland15 t h i s  optimal con t ro l  model 

is defined i n  terms of t h e  d r iv ing  s i t u a t i o n .  

s t r a t e g y  i s  t h e  minimization of the  cos t  func t ion  o r  t r ad ing  r e l a t i o n  

between t h e  pena l ty  f o r  c o l l i d i n g  with obs t ac l e s  ( func t ion  of pos i t i on )  

and the  c o s t  of increased e f f o r t  ( func t ion  of s t e e r i n g ,  braking,  and 

acce le ra t ion ) .  

The ont imal  c o n t r o l  

The present  research  was an e f f o r t  t o  s tudy the  behavior of t he  

human operator  i n  d r iv ing  s imulat ion experiments of t h r e e  degrees of 

realism: 

1) A s c a l e  model remote con t ro l l ed  c a r  which c a r r i e d  a closed 

c i r c u i t  TV camera w a s  d r iven  through a model environment. 

as a fixed-base v i s u a l l y  r e a l i s t i c  d r iv ing  s imulator .  

paid t o  poss ib l e  e f f e c t s  on t h e  d r i v e r ' s  behavior due t o  t h e  psycholoaical 

r e f r ac to ry  period''. and t o  the  information content" of t h e  s t i m u l i .  

This  served 

At ten t ion  w a s  

2 



Further description of the simulations and experiments is presented 

in Sections 2 , 3 ,  and 4. 

2) A computer generated oscilloscope display experiment 

was employed to provide a more abstract simulation of the same tasks 

performed in the visually realistic experiments described previously. 

This particular experiment was a follow up from early study18. 

oscilloscope display experiment was designed to have the same control 

This 

dynamics and task constraints as an optimal control model also pro- 

grammed by the author. 

the optimal trajectories and the trajectories of the human operator for 

equivalent tasks. 

programming algorithm of Bellman”. 
are described in Sections 5 and 6 .  

Thus a direct comparison could be made between 

The optimal control model is based on the dynamic 
This simulation and these experiments 

3) A standard American automobile was used for control tasks 

similar to the above two simulation experiments. These experiments are 

described in Sections 7 and 8 .  

3 



2. DESCRIPTION OF EXPERIMENTAL APPARATUS ANDPROCEDURE 
FOR T.V. REMOTE CONTROLLED CAR SIMULATION 

Simulator Equipment 

The simulation consists of a scale model car which carries a TV 
camera and is steered, accelerated, andbraked through a scale model 

environment by a human subject. The subject sits in a fixed booth, 

views on a TV monitor what the camera sees, and uses a conventional 

steering wheeel, accelerator, and brake to control the scale model car. 

The dimensions and other pertinent specifications of the remote controlled 
car, Figures 1-4, are given in Table 1. 

The car's forward motion is powered by a d.c. motor. Within the 
control booth, the accelerator pedal is connected through a linkage to 

an auto-transformer. 

the input to the d.c. drive motor on the car. The gear train between the 

drive motor and the rear wheels contains an electro-magnetic clutch- 

type brake. A potentiometer connected to the brake pedal linkage in the 

control booth determines the stopping force. The spring rates of both the 

brake and accelerator pedals were designed with reference to actual auto- 

mobiles. 

The rectified voltage from the auto-transformer is 

length of wheel base 8.75 inches 

width of wheel base 
at front axle 

width of wheel base 
at rear axle 

overall length 

overall width 

overall height 

minimum turning radius 

5 .0  inches 

6.0 inches 

16.5 inches 

7.5 inches 

7.3 inches 

18.5 inches 

maximum speed 8.2 feet per second 

effective height of T.V. lens 
above driving surface 

2.5 inches 

I field of view 29 degrees 

Table 1. Specifications of Remote Controlled Car I 
4 



Figure  1. Remote Control led Car 
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Figure 2.  Control Booth and Remote 
Control led C a r  

Figure 3.  Subject Viewing Targets  
on T.V. Monitor 

6 
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Figure 4. Remote Controlled Car Attempting 
to Hit Targets on Test Track 

Figure 5. Two Types of Targets 



The steering device consists of a motor-generator set on the 

car which turns the front wheels through a rack and pinion linkage and 

provides velocity feedback to the servo-amplifier. 

meters of the servo-system are attached to the steering wheel shaft 
in the control booth and to the rack on the front wheels of the car. In 
an actual automobile the farce on the steering wheel is approximately pro- 

portional to the rate of turn of the automohile. However, because of the 

complexity involved in providing such feedback for the simulator, the 

spring rate of the steering wheel is proportional to its angle of turn. 

The balancing potentio- 

The television camera is mounted on the car above the other equip- 

ment with its axis horizontal and forward, Figure 1. Because of the low 

ambient light level and the insensitivity of the camera, it is necessary 
to operate the camera with the lens opened to F/1.3, thus greatly reduc- 

ing the effective depth of field. Mounted on the car in front of the 

television camera are two 2 inch by 5 inch mirrors. The orientation 

of the mirrors is such that the driver sees the track ahead from the normal 

elevation. Without the mirrors the view of the track appears to be that 

of looking down from about twenty feet above the driving surface. The 

car has spring loaded bumpers on the front and rear to prevent damage 

to the equipment on the car due to crashes into the side walls of the 
track. 

Centered between the front wheels and directly behind the mirrors 
is a small solenoid-actuated pen mechanism for marking the trajectory of 

the car on paper laid on the track surface. The solenoid is controlled 

by the relay switching circuitry and the pen is in the marking position 
only during the inteval that the target is present. The paper on which 

the trajectories are recorded is flat black so that it will not cause a 
glare on the television. However, the soft pencil lead used in the pen 

mechanism will draw a legible trajectory on the paper. 

' 
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The television monitor and controls for the car are mounted in 

a control booth, Figure 2. The booth is approximately 3 feet wide, 5 

feet long, and five feet high. 

within the booth to shut out external light, thus providing improved 
viewing of the television. An adjustable automobile seat is mounted 

on the floor of the booth. The steering wheel, brake pedal, and 

accelerator pedal are mounted in the same positions as on American 

automobiles. The twenty-one inch wide television screen is mounted at 
eye level, twelve inches behind the top of the steering wheel. The 

television screen is normally at a viewing distance of approximately 
twenty-eight inches from the driver. The lower front portion of the 

control booth contains the servo-amp1 fier for the steering servo- 

system, the foot pedal controlled auto-transformer and rectifier for 

the drive motor, and the auxiliary auto-transformer for the drive motor. 

The purpose of the two separate auto-transformers for the drive motor 

is that it is desirable for the driver to have control of his speed 

during his return to the starting position for each run; however, during 

the run it is a necessary part of the experimental design that the speed 

remain constant or as nearly so a s  practical. The switch from the driver 

controlled auto-transformer to auxiliary auto-transformer with a preset 

The driver may be totally enclosed 

voitaae is made by cjIe electric eyes and - - - - - -  L e l d y  J W L L L i l l l l ~  - - -Ja . -Lz--  t i r ~ . u ~ r ~ ) r  - - - * ~ + - - .  

The car is driven on a wooden surface 45 inches wide and 48 feet long, 
Figure 4 .  The car is prevented from running off the driving surface 
by six-inch high wooden walls on both sides and spring loaded restrain- 

ing wires at the ends of the track. 

The section of track immediately preceeding the flanged section has 

seven crosswise slots 12 inches apart. 
an inch wide and span the entire width of the track. There is an eighth 

slot in the flanged section of track 12 inches from the last slot in the 
previous section of track. Targets made of stiff 3 inch by 8 inch paper 

cards emerge from the slots at the proper time during a run. A solenoid 

The slots are one sixteenth of 

9 



d r i v e r  mechanism quickly e l e v a t e s  t h e  t a r g e t  from below t o  above t h e  

t r a c k  surface.  

so t h a t  t h e  crosswise pos i t i on  of t h e  card i n  t h e  s lo t  may be changed 

as per  t h e  experimental  plan.  

placed beneath any of t h e  s l o t s .  

l y  o r  i n  sequence, 

mechanisms. 

The t a r g e t  mechanism is mounted on a s l i d e r  below the  t r a c k  

Also t h e  s l i d e r  may be removed and 

To present  two t a r g e t s  simultaneous- 

s eve ra l  experiments r equ i r e  t h e  use  of two such 

The f i r s t  thir ty- two f e e t  of t h e  t r a c k  i s  equipped with e l e c t r i c  

eyes  o r  l i g h t  dependent r e s i s t a n c e  (LDR) devies  spaced a t  two foo t  

i n t e rva l s .  I n  the  sec t ion  of t r a c k  where t h e  t a r g e t s  are presented t h e  

e l e c t r i c  eyes are spaced a t  one foot  i n t e r v a l s .  Each electric eye u n i t  

cons i s t s  of a 6 v o l t  lamp and focusing l e n s  on one s i d e  of t he  t r a c k  

aimed a t  a l i g h t  dependent r e s i s t a n c e  on t h e  oppos i te  s i d e  of t h e  t r ack .  

The l a m p s  and L.D.R.'s are a t  such a l e v e l  t h a t  t h e  lead ing  edge of t h e  

car w i l l  i n t e r r u p t  t h e  l i g h t  beam and s i g n a l  t h e  r e l a y  switching c i r c u i t r y .  

Each L.D.R. may be connected t o  one of e i g h t  r e l a y  c i r c u i t s .  

r e l a y  c i r c u i t s  a r e  used toge ther  as switches f o r  t he  c locks ,  so lenoids ,  

and auto-transformers. 

four  each together  with power suppl ies .  

each re lay  c i r c u i t  are connected t o  p in  j acks  on t h e  back of each module. 

This patchboard design al lows t h e  experimenter f l e x i b i l i t y  i n  designing 

and changing switching c i r c u i t s  f o r  var ious  experiments. 

These 

Eight r e l a y  c i r c u i t s  are mounted i n  modules of 

A l l  t h e  pe r t inen t  te rmina ls  of 

The t e l e v i s i o n  cab le s  and con t ro l  cab le s  from t h e  c a r  are suspended 

by a t r o l l e y  centered seven f e e t  avove t h e  t rack .  

t r o l l e y  is  t o  e l imina te  t h e  e f f e c t  of t he  weight of t h e  cab le  on t h e  

dynamics of t h e  car. In  add i t ion ,  during an experimental  run i t  w a s  

necessary t o  p u l l  t h e  t r o l l e y  by hand, maintaining s l a c k  i n  t h e  e l e c t r i c a l  

umbil ical  cord ,  thus  prevent ing i t s  loading the  vehic le .  

The purpose of t h e  

To Rive some i dea  of t h e  dynamics of t h e  complete system some s t e p  

input  "ca l ibra t ion"  da t a  are presented i n  Appendix I. 

Operation P r o c e d E  

The following is  an o u t l i n e  of t h e  opera t ion  procedure: 

10 



1) The d r i v e r  s t a r t e d  each run a t  the  f a r  end of t h e  t r a c k  

and drove toward t h e  oppos i te  end of the  t r a c k  at tempting t o  s t a y  

on t h e  center l i n e  u n t i l  a t a r g e t  appeared. 

2) During a run t h e  d r i v e r  had no con t ro l  over  h i s  speed. H i s  

speed w a s  cons tan t  f o r  a given set of runs. 

3) *When a t a r g e t  emerged from the  t r a c k ,  t h e  d r i v e r  attempted 

t o  h i t  it on center with no regard f o r  where t h e  car w a s  before  o r  

a f t e r  he h i t  t h e  t a r g e t .  

t u r n  t o  t h e  cen te r  l i n e  nor  w a s  h e  required o r  requested t o  avoid 

h i t t i n g  t h e  s i d e  w a l l s .  It i s  f o r  t h i s  l a t te r  reason t h a t  t h e  t r a c k  

w a s  f langed out  a t  t h e  end. 

I n  o t h e r  words, he  w a s  no t  required t o  re- 

4) I n  t h e  cases of t h e  experiment where two t a r g e t s  appeared 

t h e  d r i v e r  w a s  t o  a t tempt  t o  h i t  both t a r g e t s  with equal  cons idera t ion ,  

and wi th  no regard f o r  where t h e  car w a s  before ,  between, o r  a f t e r  t h e  

t a r g e t s  w e r e  h i t .  

5) A c h a r a c t e r i s t i c  t i m e  was measured f o r  each run t o  determine 

i f  t h e  speed w a s  constant  over  a set of runs.  

6 )  The t r a j e c t o r y  of each run w a s  recorded from the  poin t  a t  which 

t h e  t a r g e t  appeared u n t i l  t h e  car h i t  t h e  l a s t  t a r g e t .  

The sequence of events  as t h e  car moved from s t a r t  t o  f i n i s h  

during a run w a s  as follows: Af te r  having turned the  c a r  around on 

t h e  f a r  end of t h e  t r a c k ,  t h e  d r i v e r  began t o  slowly d r i v e  down t h e  

cen te r  l i n e .  Upon reaching poin t  B,  on Figure 6 ,  t h e  a u x i l i a r y  auto- 

t ransformer f o r  t h e  d r i v e  motor w a s  switched i n  and from t h i s  po in t  

t h e  car t r ave led  a t  a p r e s e t  speed without t h e  d r i v e r  having acce lera-  

t i o n  con t ro l .  A t  po in t  C ,  t h i r t y - f i v e  and one-half f e e t  from poin t  B ,  

*Because of t h e  re la t ive complexity of s imulat ing t h e  s i t u a t i o n  i n  which 
t h e  d r i v e r  attempted t o  avoid h i t t i n g  ob jec t s  and t h e  d i f f i c u l t y  i n  
measuring h i s  performance f o r  t h i s  t a s k  i t  appeared more appropr ia te  
t o  design experiments such t h a t  t h e  dr iver  attempted t o  h i t  t h e  obs t ac l e s  
which appeared i n  h i s  path.  The theory of h i t t i n g  t h e  o b s t a c l e s  is  t h a t  
t h e d r i v e r  cons iders  t h e  t a r g e t s  as 
a t tempt ing  t o  pass  through t h e  "holes". 
t h e  "holes" considered are s t a t i o n a r y ,  

i n  a t r a f f i c  p a t t e r n  and is 
I n  a l l  t h e  present  experiments 
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t h e  targets  emerged, t h e  clock s t a r t e d ,  and t h e  pen began t o  mark 

t h e  t r a j e c t o r y .  The clock w a s  stopped a t  poin t  D. Af te r  passing 

over t h e  t a r g e t s  t he  car in t e r rup ted  t h e  l i g h t  beam a t  poin t  E ,  which 

e s s e n t i a l l y  turned of f  a l l  t h e  e l e c t r i c  eye con t ro l l ed  equipment. 

This e s s e n t i a l l y  w a s  kept i n  t h e  off  state u n t i l  t h e  c a r  re turned t o  

t h e  end of t h e  t rack .  The car then in te r rupted  t h e  beam at  po in t  A, 

which reset a l l  t h e  r e l a y  c i r c u i t r y  t o  t h e  "pre-run" state. 

pose of t h i s  w a s  t h a t  t h e  car would not cause a change i n  t h e  t i m e r  

o r  mark on t h e  t r a j e c t o r y  recording paper during t h i s  r e t u r n  t o  t h e  

s t a r t i n g  pos i t ion .  

The pur- 
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3. DESCRIPTION OF TARGET CONFIGURATIONS AND SUBJECT'S TASK FOR T.V. 

REMOTE COMTROLLED CAR SIMULATION 

Experiments were c l a s sed  according t o  t h e  n i n e  c a t e g o r i e s  of 

t a r g e t  conf igura t ions  c a l l e d  000, 200, 300, 400, 500, 600, 700, 750, 

800. These are summarized i n  Figure 7 and explained in d e t a i l  below. 

Five d a t a  runs w e r e  made f o r  each of t h e  d i f f e r e n t  t a r g e t  con- 

f i g u r a t i o n s  i n  S e r i e s  000 through S e r i e s  600. 

each target conf igura t ion  i n  S e r i e s  700, S e r i e s  750, and S e r i e s  800. 

Each series of runs w a s  completed as a group before  t h e  next  series 

w a s  s t a r t e d .  The fol lowing d e s c r i p t i o n  of t h e  d i f f e r e n t  series is i n  

chronological  order .  

Ten runs  were made f o r  

A l l  runs  on t h e  s imula tor  were made with t h e  v e h i c l e  moving a t  

a constant  speed of approximately fou r  f e e t  p e r  second. 

t o r  foo t  pedal  had no e f f e c t  on t h e  speed of t h e  v e h i c l e  dur ing  t h e  

run. Runs were aborted when speeds w e r e  no t  w i th in  f i v e  percent  of 

four  f ee t  per  second o r  when e x t e r n a l l y  induced n o i s e  i n t e r f e r e d  wi th  

the  T.V. p i c tu re .  Thls  included UD t o  t h i r t y  percent  of t h e  tuns.  

The accelera- 

The s u b j e c t ' s  i n s t r u c t i o n s  w e r e  t o  steer t h e  f r o n t  c e n t e r  of t h e  

veh ic l e  over  t h e  cen te r  of t h e  t a r g e t .  The t a r g e t  used i n  S e r i e s  000 

through S e r i e s  600 i s  t h e  upper target of Figure 5. 

Se r i e s  750 and S e r i e s  800 t h e  c e n t e r  of t h e  t a r g e t  w a s  p r e c i s e l y  def ined  

by a half  inch wide v e r t i c a l  stripe, lower t a r g e t ,  Figure 5. 

For runs  included 

One sub jec t ,  a male M.I.T. graduate  s tuden t ,  w a s  used f o r  a l l  t h e  

experiments with t h e  T.V. s imula tor .  

subjec t  w a s  given several hours of p r a c t i c e  on d i f f e r e n t  days t o  

f a m i l i a r i z e  himself with t h e  s imulator .  The sub jec t  w a s  given approximate- 

l y  t e n  t o  f i f t e e n  minutes of p r a c t i c e  before  s t a r t i n g  d a t a  runs.  

Previous t o  any d a t a  runs  t h e  

In  a l l  runs made on t h e  d r i v i n g  s imula tor  t h e r e  w a s  equal  p r o b a b i l i t y  

of occurrence of t h e  t a r g e t s  a t  each of t h e  poss ib l e  t a r g e t  pos i t i ons .  

14 
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The purpose of equal p r o b a b i l i t y  of t a r g e t  p o s i t i o n s  w a s  t o  prevent  

t h e  subject  from developing conscious o r  subconscious a n t i c i p a t i o n  

of the  appearance of t h e  t a r g e t  a t  a p a r t i c u l a r  pos i t i on .  

3.1 Series 000: One of t h r e e  targets 

To serve a s  an experimental  c o n t r o l  and t o  he lp  i n  i n t e r p r e t i n g  

t h e  r e s u l t s  of t he  more i n t e r e s t i n g  t a r g e t  conf igura t ion ,  t h e  f i r s t  

series of  runs employed the  s implest  poss ib l e  conf igu ra t ion ,  Figure 7 .  

A s ing le  t a r g e t  appeared a t  one of t h r e e  poss ib l e  pos i t i ons .  

pos i t i ons  were f i f ty - fou r  inches from t h e  poin t  of f i r s t  s i g h t .  

t h r e e  pos i t i ons  were: on t h e  c e n t e r  l i n e ,  four  inches t o  t h e  r i g h t  

and four inches t o  t h e  l e f t  of t h e  c e n t e r  l i n e .  Five da t a  runs were 

made f o r  each t a r g e t  pos i t i on  a f t e r  about t h e  same number of Drac t ice  

runs had been made. 

t he  t a r g e t  on t h e  cen te r  l i n e  e s t a b l i s h e s  a norm f o r  t h e  var iance  of 

t r a j e c t o r i e s  when the  t a r g e t s  were loca ted  e i t h e r  s i d e  of t h e  c e n t e r  

l i n e .  

A l l  t h r e e  

The 

The r e s u l t i n g  var iance  of those  t r a j e c t o r i e s  with 

3.2 Ser ies  200:  One of f i v e  tarpets 

T h i s  series of runs had f i v e  poss ib l e  t a r g e t  vos i t i ons .  A l l  f i v e  

pos i t ions  were f i f ty - fou r  inches from t h e  po in t  of f i r s t  s i g h t .  The 

f i v e  pos i t i ons  w e r e :  on t h e  c e n t e r  l i n e ,  four  and e i g h t  inches t o  t h e  

r i g h t ,  and four  and e i g h t  inches t o  t h e  l e f t  of t h e  c e n t e r  l i n e ,  Figure 7. 

One may say t h a t  increas ing  the  number of poss ib l e  t a r g e t  p o s i t i o n s  

from three  i n  Series 000 t o  f i v e  i n  S e r i e s  200 increased t h e  information 

content  of t h e  s t i m u l i  from 1.6 b i t s  t o  2.4 b i t s ,  where information 

is  log2 t i m e s  t h e  number of equiprobable a l t e r n a t i v e s .  

t h e  Ser ies  200 runs w a s  t o  observe t h e  poss ib l e  change i n  t h e  t r a j e c t o r i e s  

f o r  t h e  t a r g e t s  four  inches from t h e  c e n t e r  l i n e  due t o  a change i n  

t h e  information content  of t h e  s t i m u l i ,  i.e. t h e  g r e a t e r  unce r t a in ty  

of t h e  t a r g e t  pos i t ion .  

The purpose of 
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3.4 S e r i e s  300: One of t h r e e  tarpets followed by a one of t h r e e  
targets. both previewed simultaneously 

The Se r i e s  300 t a r g e t  configurat ions cons is ted  of two t a r g e t s  

These th ree  p o s i t i o n s  each of which had t h r e e  poss ib l e  posi t ions.  

were: on t h e  c e n t e r  l i n e ,  four  inches t o  t h e  r i g h t  and four  inches 

t o  t h e  l e f t  of t h e  c e n t e r  l i n e ,  Figure 7. As i n  a l l  two t a r g e t  runs 

t h e  f i r s t  t a r g e t  w a s  f i f t y - fou r  inches and t h e  second t a r g e t  w a s  

n ine ty  inches from t h e  poin t  of f i r s t  s i g h t  of t he  t a r g e t s .  

3.5 S e r i e s  500 and S e r i e s  600: One of t h r e e  targets followed by one 
of t h r e e  targets. the  second appearing a f t e r  t he  f i r s t  

The d r i v e r ' s  response t o  t w o  successive s t i m u l i  wi th in  a b r i e f  

t i m e  per iod is known t o  be d i f f e r e n t  from the  simple succession of two 

s i n g l e  t a r g e t  responses. The hypothet ical  i n a b i l i t y  of  t h e  human t o  

respond t o  t h e  second of two successive d i s c r e t e  s t i m u l i  wi th in  a t i m e  

i n t e r v a l  of approximately one-half second is  known as t h e  psychological 

r e f r a c t o r y  period. 

s t imulus wi th in  h i s  r e f r a c t o r y  per iod ,  response t o  a second s t imulus 

may be masked or delayed. 

I f  t h e  d r i v e r  i s  s t i l l  responding t o  a previous 

Two sets of t a s k s  were developed based on t h i s  hypothesis.  The 

t a r g e t  p o s i t i o n s  of Se r i e s  500 and Ser ies  600 were similar t o  those 

of Series 300. However, i n  t h e  S e r i e s  500 runs  t h e  second t a r g e t  w a s  

delayed by .50 seconds. The second t a r g e t  of t h e  S e r i e s  600 runs 

appeared as t h e  veh ic l e  crossed t h e  loca t ion  of t h e  f i r s t  t a r g e t ,  approxi- 

mately 1.12 seconds a f t e r  t he  f i r s t  t a rge t  appeared i n  view. 

Thus, i f  i n  S e r i e s  300 t h e  d r i v e r  responded as  though he were re- 

ce iv ing  two temporally successive t a rge t  s t i m u l i  ( a c t u a l l y  they appeared 

simultaneously) and the  psychological r e f r a c t o r y  per iod obtained,  one 

would no t  expect t o  see any d i f f e rence  i n  t h e  t r a j e c t o r i e s  of S e r i e s  

300 and 500. 

t h e  d r i v e r  from i n i t i a t i n g  a response t o  t h e  second t a r g e t  u n t i l  a f t e r  

t h e  f i r s t  w a s  completed. 

For comparison the  t r a j e c t o r i e s  of S e r i e s  600 prevented 
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3.6 Ser ies  700, Series 750, and Se r i e s  800: One of two tarEets 
with v i s i o n  occluded a f t e r  sho r t  p re sen ta t ion  

Closed loop c o n t r o l ,  when r e fe r r ed  t o  manual t r ack ing  behavior 

means tha t  t h e  human con t inua l ly  r ece ives  information regard ing  t h e  

va lue  of t he  e r r o r  between t h e  input  and t h e  con t ro l l ed  response.  

Close loop preview con t ro l  means the  human rece ives  information about 

t h e  fu tu re  input  ( fu tu re  i n  t h e  sense t h a t  t h e  v e h i c l e  response is  

t o  match t h i s  input  a t  a f u t u r e  time) and from knowledge of t h e  pre- 

s e n t  pos i t ion ,  ve loc i ty ,  e t c .  of t h e  v e h i c l e  can p red ic t  t h e  f u t u r e  

e r r o r  t o  some exten t .  

a f t e r  a s h o r t  v i s u a l  sample of t h e  l o c a t i o n  of t h e  t a r g e t  without 

fu r the r  v i s u a l  feedback o r  a f f e c t  on response of f u r t h e r  v i s u a l  s t imu l i .  

'we hypothesize t h a t  d r iv ing  behavior i s  a combination of open loop 

responses and closed loop t racking .  

Open loop c o n t r o l  means he executes  h i s  response 

The t a s k s  of Series 700, 750, and 800 measure t h e  degree t o  which 

t h e  d r ive r  is  performing open loop,  

a f r a c t i o n  of a second t h e  T.V. image w a s  obscured and t h e  sub jec t  

had t o  d r ive  the  remaining d i s t ance  t o  t h e  ta rge t  e n t i r e l y  open loop. 

Af te r  present ing  t h e  t a r g e t  f o r  

T ra j ec to r i e s  were recorded f o r  t h r e e  occlusion t i m e s ,  each t i m e  

i n  a separa te  set of runs. 

f o r  Ser ies  700, .75 seconds f o r  Series 750, and 1.00 seconds f o r  

Se r i e s  800. The t a r g e t  conf igura t ion ,  i d e n t i c a l  f o r  t he  t h r e e  series, 

w a s  a s ing le  t a r g e t  with equal p robab i l i t y  of being fou r  inches t o  the  

r i g h t  o r  fou r  inches t o  t h e  l e f t  of t h e  cen te r  l i n e .  

possible  conf igura t ion  which does not introduce a r i g h t  o r  l e f t  b ias .  

As i n  the previous t a s k s  t h e  target w a s  f i f t y - fou r  inches from t h e  poin t  

of f i r s t  s i g h t .  

image was obscured, intermixed with t e n  runs with no occ lus ion  period. 

The subject  w a s  t o ld  before  each run whether o r  no t  t h e  l e n s  w a s  t o  

be closed. 

always p repa re  himself i n  advance f o r  t h e  more d i f f i c u l t  of t h e  two 

types  of runs ,  presupposing t h e r e  w a s  a d i f f e rence  i n  d i f f i c u l t y .  

The occlusion times were .50 seconds 

This  is  t h e  s implest  

Each series cons is ted  of t e n  runs dur ing  which t h e  

It w a s  thought t h a t  i f  t h e  sub jec t  w a s  not  t o l d ,  he would 
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I n  t h i s  series of experiments t he  e f f e c t i v e  shape of  t h e  t a r g e t  

w a s  changed f o r  some runs.  With x appended t o  t h e  series numberit  was 

t h e  broad normal curve of t h e  previous task.  

0 appended) i t  w a s  changed t o  a ha l f  inch wide v e r t i c a l  s t r i p e .  

It w a s  thought t h a t  i f  t he  s u b j e c t ' s  d r iv ing  behavior w a s  e s s e n t i a l l y  

c losed loop h i s  performance should improve over t h a t  f o r  t h e  broader 

t a r g e t  as a consequence of t h e  more w e l l  def ined t a r g e t .  

For o the r  runs (with 
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4. RESULTS OF T.V. REMOTE CONTROLLED CAR SIMULATION 

The r e s u l t s  of t h e  d r iv ing  s imulat ion experiments are shown 

on the following pages i n  graphica l  form. The curves represent  

t h e  confidence l i m i t s  of t he  trajectories of t h e  vehic le .  Each 

p a i r  of curves r ep resen t s  one s tandard dev ia t ion  e i t h e r  s i d e  of 

t h e  mean of t h e  t r a j e c t o r i e s  f o r  a p a r t i c u l a r  t a sk .  Although a l l  

poss ib le  t a r g e t  conf igura t ions  of each series w e r e  intermixed f o r  

presenta t ion  t o  t h e  sub jec t  during t h e  experiment, t h e  curves  

appropr ia te  t o  each t a r g e t  wi th in  t h e  set of a l t e r n a t i v e s  are separa te -  

l y  presented here.  

conf igura t ions  of a s i n g l e  series: 

t a rge t  combined with one of t h e  t h r e e  pos i t i ons  of t h e  second t a r g e t .  

t he  graphs f o r  Se r i e s  000, 200, 700, 750, and 800 shown confidence 

l i m i t s  of one s tandard devia t ion  f o r  t h e  corresponding two, t h r e e ,  

o r  f i v e  s i n g l e  t a r g e t  conf igura t ions .  

Each f i g u r e  shows t h e  r e s u l t s  of t h r e e  t a r g e t  

a l l  t h r e e  p o s i t i o n s  of t h e  f i r s t  

The long i tud ina l  a x i s  of t h e  graph is marked a t  i n t e r v a l s  repre-  

The o r i g i n  of t h e  long i tud ina l  a x i s  sen t ing  two inches on the  t rack .  

is  the  pos i t i on  of t h e  l as t  t a r g e t .  

l e f t .  

w a s  when the  f i r s t  t a r g e t  appeared (90 inches s h o r t  of t h e  o r i g i n  as 

shown on the  graph). 

due t o  a mixup i n  t h e  program t o  run t h e  computer p l o t t e r . )  

000 i s  an except ion;  here  t h e  curves start twelve inches pas t  t h e  po in t  

of f i r s t  s igh t .  The l a t i t u d i n a l  a x i s  i s  a l s o  marked a t  i n t e r v a l s  

represent ing t w o  inches on t h e  t r ack .  

t he  l a t e r a l  d i r e c t i o n  i s  one ha l f  t h e  s c a l e  f a c t o r  of l ong i tud ina l  

d i s tances .  

t h e  t rack  with p o s i t i v e  d i s t ances  t o  t h e  r i g h t  when f ac ing  i n  t h e  d i r e c t i o n  

of the  v e h i c l e  ve loc i ty .  

i nd ica t e  t h e  pos i t i on  of c r i t i ca l  events  no t  otherwise ev ident  by r e fe r -  

ence to  Figure 7: On Ser i e s  500 t h e  mark i n d i c a t e s  t h e  v e h i c l e  p o s i t i o n  

The v e h i c l e  moved from r i g h t  t o  

The extreme r i g h t  hand end of t h e  curve i s  where t h e  v e h i c l e  

(This apparent r e v e r s a l  i n  graph convention w a s  

Series 

However, t h e  scale factor i n  

The o r i g i n  of t h e  l a t i t u d i n a l  a x i s  i s  t h e  cen te r  l i n e  of 

The marks on t h e  absc i s sa  of c e r t a i n  graphs 
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when t h e  second t a r g e t  appeared; on Se r i e s  700, 750, and 800 (both 

0 and x) t h e  mark i n d i c a t e s  where v i s ion  w a s  cu t  o f f .  

~ ~~~ 

S e r i e s  and Target df Variance Variance Rat io  f o r  
P o s i t  i on  Ratio 5% Signi f icance  

200 (-4) 
000 (-4) 4 I 4  2.07 6 .39  

200 (+4) 
000 (+4) 4 I 4  2.65 6.39 

200 ( - 8 )  
200 (-4) 414 16.7 6.39 

200 (+8) 
200 (+4) 4 14 3.56 6.39 

Table 2. Variance Rat ios  f o r  Se r i e s  000 and S e r i e s  200 

4.1 E f f e c t  of Increased Number of Alternat ives-(Increased Information 
Content of t h e  S t imul i )  i n  Single Target Tasks 

A comparison of t h e  graphica l  r e s u l t s  of Series 000 and Series 200 

r evea l s  no s i g n i f i c a n t  i nc rease  i n  t h e  var iance  of t h e  t r a j e c t o r i e s  

a t  t h e  p o s i t i o n  of t h e  t a r g e t  due t o  the i n c r e a s e  i n  information conten t  

of t h e  s t imulus .  However, S e r i e s  200 did i n d i c a t e  an increased  va r i ance  

with f a r t h e r  displacements  of t h e  t a r g e t s  from t h e  c e n t e r  l i n e .  

va r i ances  of t h e  t r a j e c t o r i e s  a t  t h e  pos i t i on  of t h e  t a r g e t s  e i g h t  inches  

from t h e  c e n t e r  l i n e  show 

p o s i t i o n s  fou r  inches from t h e  c e n t e r  l i n e ,  

t h a t  d r i v i n g  performance would become somewhat more erratic when t h e  

sub jec t  w a s  responding t o  t a r g e t s  a t  increas ing  d i s t a n c e s  from h i s  l i n e  

of t r a v e l .  

The 

a s i g n i f i c a n t  d i f f e r e n c e  compared with target  

Table 2. It w a s  expected 
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4.2 Effec t  of Appearance of a Second Target on t h e  Response t o  
F i r s t  Tareet 

It w a s  expected t h a t  t h e  requirement of  a second t a r g e t  a t  

t h e  center  l i n e ,  S e r i e s  400, might cause an a l t e r a t i o n  of t h e  response 

t o  the f i r s t  t a r g e t  as compared t o  t h a t  s i t u a t i o n  where only  one 

t a r g e t  w a s  t o  appear,  Se r i e s  009. However, t h e  curves  o f  S e r i e s  400 

compared with those  of S e r i e s  000 show no anparent  tendency f o r  t h e  

d r i v e r  t o  a l t e r  h i s  course t o  t h e  f i r s t  t a r g e t .  Ins tead  of producing 

a d i f f e r e n t  s lope  of t h e  t r a j e c t o r y  through t h e  f i r s t  t a r g e t  of  400, 

t h e  subjec t  seemed t o  respond a f t e r  h i t t i n g  t h e  f i r s t  t a r g e t  wi th  a 

r e l a t i v e l y  l a r g e  la teral  acce le ra t€on  t o  r e t u r n  t h e  v e h i c l e  t o  t h e  

t a r g e t  on t h e  cen te r  l i n e .  

4.3 Effec t  of Increased Number of P o s i t i o z s  of Second Target  i n  
Two Tareret Tasks 

In t h e  following d iscuss ion  t h e  abbrevia t ions  R ,  C,  and L are 

used f o r  four  inches r i g h t  of t h e  c e n t e r  l i n e ,  on t h e  c e n t e r  l i n e ,  and 

four  inches l e f t  of t h e  c e n t e r  l i n e  r e spec t ive ly .  When enclosed i n  

parenthes is  these  abbrevia t ions  are used t o  desc r ibe  a p a r t i c u l a r  t a r g e t  

conf igura t ion ;  t he  f i r s t  le t ter  i s  f o r  t h e  f i r s t  t a r g e t  p o s i t i o n  and 

t h e  second le t ter  f o r  t h e  second t a r g e t  pos i t i on .  

The r e s u l t s  of S e r i e s  300 o f f e r  several i n t e r e s t i n g  c o n t r a s t s  t o  

those  of S e r i e s  000 and S e r i e s  4 0 .  There are t h r e e  t a s k s  of t h e  

300 Se r i e s ,  (R,C), (C,C), and ( L , C ) ,  which are i d e n t i c a l  t o  t h e  400 

S e r i e s  y i t h  t h e  except ion t h a t  t h e  p r o b a b i l i t y  of t h e  second t a r g e t  

appearing on t h e  cen te r  l i n e  i n  t h e  300 S e r i e s  w a s  one-third,  whereas 

i n  t h e  400 S e r i e s  t h i s  p robab€ l i ty  w a s  un i ty .  

d i f f e rence  i n  var iance  a t  the  l o c a t i o n  of t h e  second t a r g e t  f o r  those  

t a s k s  of t h e  300 Ser i e s  and 400 S e r i e s  i n  which t h e  f i r s t  t a r g e t  w a s  o f f  

t h e  cen te r  l i n e  and t h e  second t a r g e t  w a s  on t h e  c e n t e r  l i n e ,  (R,C) 

and (L,C). 

The d a t a  show a s i g n i f i c a n t  

I In t h e  (R,L) and (L,R) t a s k s  of t h e  300 S e r i e s  t h e r e  w a s  a tendency 



I 

f o r  t h e  sub jec t  t o  swing t o  the  i n s i d e  of t he  f i r s t  t a r g e t ;  s i m i l a r l y ,  

a t  t h e  pos i t i on  of t h e  f i r s t  t a r g e t  the  t r a j e c t o r i e s  f o r  those t a s k s  

of the  300 S e r i e s  tended t o  be i n s i d e  the t r a j e c t o r i e s  f o r  correspond- 

ing t a s k s  of Series 000. Nevertheless,  a t  t he  pos i t i on  of t he  f i r s t  

target t h e  means of t hese  Series 300 runs were not  s i g n i f i c a n t l y  

d i f f e r e n t  from t h e  loca t ion  of t h e  center  of t h e  t a r g e t .  

i 

I n  t h e  (L,R) and (R,L) t a s k s  of t h e  300 Series i t  might have 

been expected t h a t  t o  avoid l a r g e  ex terna l  acce le ra t ions  between t h e  

f i r s t  and second t a r g e t s  t he  subjec t  would i n i t i a l l y  accelerate t o  a 

la teral  p o s i t i o n  beyond the  f i r s t  t a rge t  then attempt t o  c r o s s  both 

t a r g e t s  i n  a s t r a i g h t e r  path. However, ins tead  of c ross ing  the  f i r s t  

t a r g e t  a t  a s lope  which i s  d i r ec t ed  back toward t h e  cen te r  l i n e ,  t h e  

t r a j e c t o r i e s  are divergent  a t  t he  pos i t ion  of t h e  f i r s t  target .  More- 

over ,  up t o  the  pos i t i on  of t he  f i r s t  t a r g e t ,  t h e r e  i s  no apparent 

d i f f e rence  i n  t h e  r e s u l t s  of those  runs i n  which t h e  second t a r g e t  

w a s  on t h e  opposi te  s i d e  of t he  cen te r  l i n e  and those i n  which t h e  

second t a r g e t  w a s  on the  same s i d e  of the cen te r  l i n e  as the  f i r s t  

target.  The t r a j e c t o r i e s  become p a r a l l e l  t o  t h e  cen te r  l i n e  a t  approxi- 

mately one-third t o  one-half t he  d is tance  from t h e  f i r s t  t o  t he  second 

t a r g e t .  

Wide confidence l i m i t s  a r e  p a r t i c u l a r l y  no t i ceab le  i n  those  

t a sks  of t h e  300 Series i n  which t h e  second target was on the  cen te r  

l i n e .  The var iance f o r  t hese  t a sks  i s  s i g n i f i c a n t l y  greater than those  

seemingly more d i f f i c u l t  t a s k s  i n  which t h e  d r i v e r  had t o  c ros s  t h e  

c e n t e r l i n e  t o  h i t  t h e  second t a r g e t .  One explanat ion f o r  t h i s  phenomenon 

may be t h a t  i n  a t tempting the  maneuver i n  which the  targets  a r e  on t h e  

opposi te  s i d e s  of t he  cen te r  l i n e  the  d r i v e r  i s  required t o  t u r n  as 

f a s t  a s  poss ib l e  t o  reach t h e  second t a rge t .  Providing the  d r i v e r  

could c o n s i s t e n t l y  reproduce t h i s  ra te - l imi ted  open loop resnonse h i s  

v a r i a b i l i t y  would be reduced. By cont ras t  t he  t a s k  of r e tu rn ing  from 

of f  t h e  c e n t e r  l i n e  t o  h i t  a t a r g e t  on the  c e n t e r  l i n e  may be a c r i t i c a l  

combination of g rea t e r  maneuverabili ty and a t a s k  r equ i r ing  closed loop 
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control .  

i t  i s  a t a s k  i n  which t h e  d r i v e r  s t i l l  has  more l a te ra l  a c c e l e r a t i o n  

ava i l ab le  than he is p u t t i n g  t o  use.  

A poss ib le  explanat ion f o r  t h e  degraded performance is t h a t  

4.4 Effect  of Delayinp Second Targe t  i n  Two Target  Tasks 

Delaying t h e  appearance of t he  second t a r g e t  had the  e f f e c t  of 

reducing t h e  var iance  a t  t h e  second t a r g e t .  

f o r  the t r a j e c t o r i e s  of t h e  500 and 600 S e r i e s ,  i n  which t h e  second 

s t i m u l u s  was delayed, are genera l ly  much smaller than f o r  t h e  correspond- 

ing t a sks  of t h e  300 Series i n  which the  t a r g e t  appeared simultaneously.  

The confidence l i m i t s  

The improved response of t h e  t a s k s  i n  which the  second t a r g e t  

w a s  delayed, Se r i e s  500 and 600, suggests  t h a t  t h e  d r i v e r  is  confused 

by the  simultaneous occurrence of t h e  two t a r g e t s .  

taneously viewing both t a r g e t s  and then car ry ing  out  an in teRra ted  

response t o  both t a r g e t s ,  he appears  t o  view t h e  f i r s t ,  

spond to  the  f i r s t ,  view t h e  second, respond t o  t h e  second. One might 

hypothesize t h a t  he t r e a t s  t h e  second a f t e r  a t  least one psychol.ogical 

r e f r ac to ry  per iod,  but then with some confusion. 

Rather than simul- 

re- 

The most no t iceable  d i f f e rence  between t h e  500 Series and t h e  

600 Ser ies  i s  t h a t  t h e  t r a j e c t o r i e s  of t h e  600 Series show a prominent 

l e f t  bias .  

l e f t  is evidenced by the  mean of t h e  t r a j e c t o r i e s  being s i g n i f i c a n t l y  

t o  the  l e f t  of t h e  cen te r  of t h e  f i r s t  t a r g e t  when t h e  second t a r g e t  

was t o  t h e  l e f t  of t h e  cen te r  l i n e .  Also,  t h e  (L,L) t r a j e c t o r i e s  of 

Series 600 swing approximately two and one-half inches t o  t h e  l e f t  of 

t he  t a r g e t  cen te r ,  whereas t h e  (R,R) t r a j e c t o r i e s  are almost p a r a l l e l  

t o  t he  cen te r  l i n e  between t h e  f i r s t  and second t a r g e t s .  There i s  no 

s i g n i f i c a n t  d i f f e rence  i n  the  var iances  of t h e  corresponding t a s k s  of 

t h e  500 S e r i e s  and 600 Ser i e s  a t  t h e  loca t ion  of t h e  second t a r g e t .  

This tendency f o r  t he  t r a j e c t o r i e s  t o  be o f f s e t  t o  t h e  

4.5 Effect  of T a r p e t  Width and Viewinp Time i n  S ingle  Target  Tasks 

Changing t h e  width of t h e  t a r g e t s  r e s u l t s  i n  no no t i ceab le  d i f f e r -  

ence i n  t he  var iance  o r  shape of t r a j e c t o r i e s .  V a r i a b i l i t y  f o r  t h e  
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one-half inch wide t a r g e t  i n  the  700-0, 750-0, and 800-0 series 

w a s  no t  smaller than t h a t  f o r  t he  w i d e r  t a r g e t ,  700-x, 750-x, 80O-x, 

a poss ib ly  unexpected r e s u l t  f o r  a subject  d r iv ing  closed loop. 

More support ive of t h e  open loop hypothesis  is  t h e  f a c t  t h a t  

t he re  i s  no s i g n i f i c a n t  d i f f e rence  between the  occluded v i s i o n  t a sks  

and t h e  t o t a l  v i s i o n  t a s k s  u n t i l  t he  viewing t i m e  w a s  reduced t o  .12 

seconds. This  t i m e  is approximately one-tenth the  t i m e  from the  point  

of f i r s t  s i g h t  u n t i l  t he  t a r g e t  w a s  h i t .  Since i n  the  800 S e r i e s  

t he  view w a s  terminated about .38 seconds before  any l a t e r a l  motion 

of t h e  veh ic l e  is de tec ted  i t  w a s  impossible f o r  t h e  subjec t  t o  make 

pa th  c o r r e c t i o n s  based on present  e r r o r  information as  t h e  v e h i c l e  

t r ave led  toward t h e  t a r g e t .  I n  the  750-x Series the  viewing period 

w a s  approximately .38 seconds and the view was terminated about .12 

seconds before  lateral  motion w a s  de t ec t ab le ,  again making closed loop 

opera t ion  impossible during t h e  occluded oor t ion .  However, t h e  d i f f e r -  

ence i n  var iance  between these  t r a j e c o t r i e s  and those run concurrent ly  

with t o t a l  view is hard ly  not iceable .  
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5 .  DESCRIPTION OF EXPERIMENTAL APPARATUS AND PROCEDURE FOR COMPUTER 

GENERATED OSCILLOSCOPE DISPLAY SIMULATION 

The osc i l loscope  d i sp lay  experiment w a s  an a b s t r a c t  s imulat ion 

of e s s e n t i a l l y  the  same d r iv ing  t a s k  considered using t h e  T.V. remote 

cont ro l led  c a r  simulator.  

The osc i l loscope  w a s  dr iven by a PDP-8 d i g i t a l  computer. The 

computer w a s  programmed t o  d i sp lay  t h r e e  p o i n t s  on t h e  scope. Two of 

t h e  poin ts  were s t a t i o n a r y  targets and t h e  t h i r d  suddenly appeared a t  

t h e  bottom and moved upward on t h e  scope f ace  with cons tan t  v e r t i c a l  

ve loc i ty  of t h e  moving point ,  Fig. 8. 

The hand c o n t r o l l e r  which t h e  sub jec t  used w a s  a modified high 

speed te legraph key o r  “bug”. 

negat ive pulse  of l a t e r a l  a c c e l e r a t i o n ,  i .e. a change i n  v e l o c i t y ,  each 

t i m e  t he  toggle  arm of the  bug w a s  pressed t o  t h e  r i g h t  o t  l e f t .  

The computer e f f ec t ed  a p o s i t i v e  o r  

D i g i t a l  computation does not a l low continuous v a r i a t i o n  of t he  

pos i t i on  and v e l o c i t y  which de f ine  the  states of t h e  ta rge ts  and the  

moving point .  Thus i n  r e a l i t y  t h e  d i sp lay  cons is ted  of a a r i d  space 

w i t h  64 d i s c r e t e  space states i n  both v e r t i c a l  and ho r i zon ta l  d i r e c t i o n s .  

Accelerat ions could occur only a t  defined space states. The pro- 

gram permitted only a s i n g l e  u n i t  chanRe i n  v e l o c i t y  a t  each v e r t i c a l  

space s t a t e .  

The d i sp lay  programallowed the  two t a r g e t s  t o  he placed a t  any 

pos i t ion  def ined by the  64 x ’64  g r id  space. The i n i t i a l  v e r t i c a l  

pos i t i on  of t h e  moving poin t  w a s  always a t  the  bottom edge of t h e  

d i sp lay ,  but  t h e  i n i t i a l  ho r i zon ta l  pos i t i on  could be p r e s e t  t o  any 

of t h e  64 ho r i zon ta l  states. 

The v e r t i c a l  v e l o c i t y  of t h e  moving point  ranaed from 5 t o  25  g r id  

widths p e r  second. If t h e  osc i l loscope  gain w a s  set such t h a t  t h e  d i s -  

t ance  between the  f i r s t  and s ix ty- four th  v e r t i c a l  states w a s  20.5 

cent imeters ,  then the  v e r t i c a l  v e l o c i t y  could be set between 1.6 and 8.0 
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Figure 8-a. Time Lapse Photo of Subject Making 
Test Run on Scope Experiment 

Figure 8-b. Optimal Trajectory for Target 
Configuration Shown on Scope 
Above and Cost Function of 
Equation 2 .  

3 3  



cent imeters  per  second. 

The d i sp lay  w a s  terminated when t h e  moving po in t  reached t h e  

terminal  v e r t i c a l  state. This  te rmina l  state could be p r e s e t  t o  

any of 64 v e r t i c a l  states. 

computed. The score  w a s  equal  t o  t h e  sum of t h e  abso lu te  va lues  of 

t h e  hor izonta l  d i s t ances  by which t h e  f i r s t  and second t a r g e t s  w e r e  

missed by t h e  moving poin t  mu l t ip l i ed  by a cons tan t  which w a s  p r e s e t  

by the experimenter,  p lus  t h e  sum of  t h e  u n i t  ho r i zon ta l  a c c e l e r a t i o n s  

used i n  maneuvering t h e  moving po in t  from start  t o  f i n i s h .  

A t  t h e  end of each run  a sco re  w a s  

...... Eq. 1 
where: K - importance weighting func t ion  on missing t a r g e t s  

X - hor i zon ta l  space s ta te  of moving poin t  

Y = v e r t i c a l  space s ta te  of moving poin t  

XT1,YTl = space s ta te  of f i r s t  t a r g e t  

XT2, YT2 = space s ta te  of second t a r g e t  

YMAX = terminal  v e r t i c a l  space s ta te  

A t  t he  end of each run t h e  sco re  f o r  t h a t  run w a s  shown t o  the  

subjec t  v i a  t h e  osc i l loscope .  

In each run of t h e  osc i l l o scope  experiment two t a r g e t s  appeared. 

Each target had t h e  same v e r t i c a l  space s ta te  throughout t h e  e n t i r e  

s e r i e s  of runs. There were t h r e e  poss ib l e  ho r i zon ta l  space s t a t e s  a t  

each of t h e  two v e r t i c a l  s tates,  r e s u l t i n g  i n  n ine  d i f f e r e n t  t a r g e t  

s i t u a t i o n s .  Figure 9-a d e t a i l s  t h e  l o c a t i o n  of t h e  tarRets and t h e  

s t a r t i n g  l o c a t i o n  of t h e  moving poin t .  

of f i v e  runs f o r  each t a r g e t  s i t u a t i o n  a t  each of t h r e e  meeds ,  1.6, 

3.2, and 4.8 cent imeters  per  second, r e s u l t i n g  i n  135 runs t o t a l .  The 

An e n t i r e  set of runs cons is ted  
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t h r e e  parameters of speed and ho r i zon ta l  t a r g e t  p o s i t i o n s  w e r e  

var ied  randomly. 

Three sub jec t s  were used i n  the  osc i l loscope  experiment. The 

set of 135 runs took approximately f o r t y  minutes t o  complete. 

subjec t  completed the  e n t i r e  set of runs on each of four  d i f f e r e n t  

days. 

corded. The s u b j e c t ' s  i n s t r u c t i o n s  were t o  minimize h i s  score.  The 

score was computed from Equation 1, with t h e  c o e f f i c i e n t  K s e t  equal  

to  2. With t h i s  importance weighting on e r r o r ,  it was necessary f o r  

t h e  subject  t o  h i t  t he  t a r g e t  i n  order  t o  minimize h i s  score ,  while 

t r y i n g  h i s  bes t  t o  economize on acce le ra t ion .  

Each 

The f i r s t  day w a s  practice and the  t r a j e c t o r i e s  were not  re- 

....... Eq. 2 
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6. RESULTS OF COMPUTER GENERATED OSCILLOSCOPE DISPLAY SIMULATION 

The r e s u l t s  of t h e  (L,R) and (R,L) t a s k s  are shown i n  graphica l  

form i n  Figures  11, 1 2 ,  and 13. Mean t r a j e c t o r i e s  are shown f o r  

(L,R) and (R,L) t a r g e t  conf igura t ions  f o r  t h r e e  speeds by each sub- 

j e c t .  

of Equation 2 is shown on each graph. 

descr ibed i n  Appendix 11. 

Also t h e  t r a j e c t o r y  of t he  optimal path f o r  t h e  cos t  func t ion  

The opt imal  con t ro l  model is  

Of t h e  n ine  t a r g e t  conf igura t ions ,  da t a  w a s  reduced f o r  only 

t h e  two most d i f f i c u l t  t a s k s  of t h e  computer generated osc i l loscope  

d i sp lay  s imula t ion  experiment. 

1 2 ,  and 13 represent  f i f t e e n  runs each. The means and s tandard devia- 

t i o n s  of  t h e  sco res  from Equation 2 corresponding t o  these  t r a j e c t o r i e s  

are shown i n  Table 3. 

are always nea re r  t he  cen te r  f o r  higher speeds.  

b ly  an e f f e c t  of t h e  sub jec t s '  r eac t ion  t i m e s  when t h e  d i sp lay  f i r s t  

appeared, is  obvious i n  t h e  r e s u l t s  of a l l  t h r e e  subjec ts .  

The mean t r a j e c t o r i e s  of Figures  11, 

The t r a j e c t o r i e s  approaching t h e  f i r s t  target  

This  phenomenon, proba- 

The mean t r a j e c t o r i e s  of t h e  three  s u b j e c t s  tend t o  h i t  t h e  f i r s t  

t a rge t .  However, f o r  t h e  second t a r g e t  t h e  s u b j e c t s  genera l ly  pass  

on t h e  in s ide .  Subject LLE w a s  not f ami l i a r  with t h e  optimal t r a j e c t o r y  
for r,ii,fr,fzfng score.  Subject EJP, C - - d l d - -  -Ach &hn -he-- n C  t h a  

wcxa & a i t i A A A a L  WILL, LLIC, n a n a 1 1 ~  V L  

optimal t r a j e c t o r y ;  however, h i s  ove ra l l  mean score  w a s  higher  than 

subjec t  LLE. It i s  i n t e r e s t i n g  t o  note t h a t  t h e  mean t r a j e c t o r i e s  of 

sub jec t  D J B  a r e  c l o s e r  t o  the  optimal Dath than those  of sub jec t  LLE. 

Nevertheless ,  due t o  sub jec t  D J B ' s  g r ea t e r  v a r i a b i l i t y ,  as ind ica ted  

by sco re  var iances ,  h i s  o v e r a l l  score  was higher  than t h a t  of sub jec t  

LLE. The t h i r d  sub jec t  (RDR) w a s  an author ,  who, obviously,  w a s  

f a m i l i a r  with t h e  optimal t r a j e c t o r y .  Because t h e  parameters f o r  t he  

sequence of 135 runs were randomly var ied and s to red  i n  the  memory of 

t he  computer, i t  w a s  impossible f o r  the au thor  t o  p red ic t  t h e  t a s k s  i n  

advance. 

t he  o the r  two subjec ts .  

Subject RDR had considerably more t r a i n i n g  than e i t h e r  of 

Although subjec t  RDR's i n t e n t i o n  w a s  t o  minimize 
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I 

I h i s  o v e r a l l  score ,  he d e l i b e r a t e l y  attempted t o  fol low t h e  path 

d i c t a t e d  by t h e  optimal con t ro l  model f o r  minimum score.  With 

~ t r a i n i n g ,  sub jec t  RDR succeeded i n  reducing h i s  v a r i a b i l i t y  and 

i n  approachinR t h e  optimum t r a j e c t o r y ,  thus  reducing h i s  o v e r a l l  

mean score.  The e f f e c t  of t r a i n i n g  i n  these  t a s k s  is  more ev ident  

when consider ing t h e  f a c t  t h a t  a l l  t h ree  s u b j e c t s  got s i g n i f i c a n t l y  
I lower scores on subsequent days. 

Target Speed Speed Speed Grand 
Subject Pos i t i on  1.6 cm/sec. 3.2 cm/sec. 4.6 cm./sec. Mean 

I 
I LR 12.5 (2.5) 12.4 (2.5) 14.0 (3.5) 

LLE 13.3 (3.1) RL 13.0 (2.3) 13.9 (3.7) 1 4 . 1  (3.4) 

- -... LR 1 2 . 1  (3.7) 13.1 (6.5) 14.9 (5.8) 
13.8 (5.3) -- UJ B 

RL 12.5 (2.9) 12.9 (3.2) 16.5 (8.6) 

LR 1 1 . 2  (2.9) 10.3 (1.6) 13-4  (3.4) 11.3 (2.8) 

RL 1n.2 (2.1) 10.6 (2.0) 1 2 . 1  (3.4) 
RDR 

Optimal e i t h e r  7.0 (0) 7.0 (0) 7.0 (0) 7.0 (0) 

Table 3. Mean Scores f o r  Computer Generated Osci l loscope 
Display Simulation; ( ) Represent Standard Deviation 

These mean t r a j e c t o r i e s  of t h e  scope d i sp lay  s imula t ion  are funda- 

mental ly  d i f f e r e n t  i n  shape from those corresponding trajectories of 
Ser i e s  300 of t h e  T.V. remote cont ro l led  car s imulat ion.  I n  p a r t i c u l a r  

t h e  p o s i t i o n  of zero s lope  ( r e l a t i v e  t o  t h e  c e n t e r  l i n e )  of t h e  t r a j e c t o r i e s  

of t h e  scope s imulat ion occurs  on o r  before c ross ing  t h e  p o s i t i o n  of 

t h e  f i r s t  t a r g e t .  

t h e  p o s i t i o n  of zero  s lope  w a s  from one-third t o  one-half t h e  d i s t a n c e  

from t h e  f i r s t  t o  t h e  second t a r g e t .  

By con t r a s t  i n  t h e  T.V. remote con t ro l l ed  car s imulat ion,  
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7. DESCRIPTION OF EXPERIMENTAL APPARATUS AND PROCEDURE FOR 

AUTOMOBILE EXPERIMENT 

The experiment using t h e  real car w a s  designed t o  be a scaled-up 

t a s k  corresponding t o  t h e  d r iv ing  s imulator .  

f u l l  s c a l e  automobile w e r e  c a r r i e d  ou t  i n  an a s p h a l t  sur faced  park- 

ing  l o t ,  measuring s i x  hundred f e e t  i n  length  and one hundred f e e t  

i n  width. 

o r i g i n a l  equipment tires, power s t e e r i n g ,  and automatic t ransmission.  

The tests us ing  t h e  

The car used w a s  an e igh t  cy l inde r  1966 Chevrolet  wi th  

Two white targets  (8" x 8" x 4" high) w e r e  placed e i t h e r  

four  f e e t  t o  the  r i g h t  o r  four  f e e t  t o  t h e  l e f t  of t h e  center l i n e ,  

respec t ive ly  a t  f i f t y - fou r  and n ine ty  f e e t  from t h e  po in t  where t h e  

subjec t  f i r s t  s a w  t h e  t a r g e t s ,  Figure 9-b. 

The procedure f o r  each run w a s  as fol lows:  t h e  sub jec t  would 

d r i v e  the  c a r  t o  t h e  end of t h e  parking l o t  and p o s i t i o n  it so t h a t  

it w a s  i n  l i n e  with the  cen te r  l i n e  through t h e  t a r g e t  area. The 

sun v i so r  w a s  pu l led  down obscuring t h e  d r i v e r ' s  view except f o r  a 

few f e e t  d i r e c t l y  i n  f r o n t  of t h e  ca r .  Once t h e  suh jec t  could no t  

see tha t  t a r g e t  area a t h i r d  person would pos i t i on  the  targets  f o r  

t h e  next run. Then the  ready s i g n a l  w a s  given by t h e  experimenter,  

t h e  subject  would quickly a c c e l e r a t e  t h e  car t o  a speed of t h i r t y -  

f i v e  miles pe r  hour. The experimenter,  s i t t i n g  i n  the  rear seat 

d i r e c t l y  behind the  sub jec t  and looking around t h e  sun v i s o r ,  would 

steer the  c a r  u n t i l  t he  sub jec t  could see the  cen te r  l i n e ,  v i s i b l e  

below the  sun v i so r .  A t  a d i s t ance  of f i f t y - f o u r  f e e t  from t h e  

f i r s t  t a r g e t  t h e  experimenter would f l i p  t h e  sun v i s o r  up and t h e  

subject  would attempt t o  steer t h e  c e n t e r  of t h e  car over t h e  targets.  

As the  car was re tu rn ing  t o  t h e  end of t h e  parking l o t  f o r  t h e  next 

run the t h i r d  person would record ,  t o  t h e  nea res t  inch ,  t h e  t r a c k  of 

t h e  r i g h t  f r o n t  wheel of t he  car a t  t h e  last  target and a t  four  e ighteen  

foo t  i n t e r v a l s  i n  f r o n t  of t h e  l a s t  t a r g e t .  

t o  be constant  a t  t h i r t y - f i v e  m i l e s  per  hour. 

with t h e  t a r g e t s  on opposi te  s i d e s  of t h e  c e n t e r  l i n e  t h e  speed had 

The speed w a s  intended 

However, f o r  s i t u a t i o n s  
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I usua l ly  dropped t o  ahout thir ty- two miles per  hour upon cross ing  

t h e  second t a r g e t .  The maneuvering required f o r  h i t t i n g  t a r g e t s  

on oppos i te  s i d e s  of t h e  cen te r  l i n e  was d r a s t i c  enough t o  cause 

frequent  s ide-s l ipp ing  of t h e  rear wheels. However, t h e  sub jec t  

never l o s t  con t ro l  of t h e  car .  A t  f o r t y  m i l e s  per  hour t h e  
I 

I 
, experimenter found t h a t  t h e  car would completely sp in  out  when attempt- 

ing  t h i s  t a r g e t  setup.  

A t o t a l  of ninety-two runs were taken on t h r e e  mornings. The 

1 
t a r g e t  conf igura t ion  were presented i n  random order .  

4 3  



8. RESULTS OF AUTOMOBILE EXPERIMENT 

The subject for the automobile experiment was the same as 
for the T.V. remote controlled car simulation experiment. The 

graphical results, Figure 13, from the automobile experiment show a 
tendency for the subject to hit the inside of the center of the 

second target for the (R,L) target configuration. However, the 

trajectory mean is not significantly different from the center of the 
target at the position of the second target. 

The results show a significant difference in variance at the 

position of the second target for the (R,L) and (L,R) target configu- 

ration as compared to the corresponding tasks, Series 300, of the 

T.V. remote controlled car simulation exueriments. The location of 

the position of zero slope (relative to the center line) is approxi- 

mately at the position of the first target. This occurrence of zero 

slope is considerably sooner than in the corresponding two target 
tasks of the T.V. remote controlled car simulation experiments. 
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9 .  CONCLUSIONS 

The results of two driving simulation experiments, one abstract 

and the other visually realistic, have been presented with the re- 

sults of an actual automobile experiment for similar control tasks. 

Comparisons of the results of the three experiments reveal small but 

consistent differences in the control tendency and variability of 

the trajectories for similar control tasks: 

1. 

2. 

3. 

Results with the T.V. remote controlled model car simulator 
showed that the subject responded later than in the computer 

oscilloscope display or in the actual car experiment. 
both the actual car and T.V. simulation he tended to respond 

to each target as it came. 

or more abstract scope display experiment the subject tended 

to ''get lined up" ahead of time with respect to the line 
connecting the two targets. 

due to the fact that the scope targets were not seen in perspective 

whereas the model T.V. and actual car targets were necessarily 

viewed in perspective. Further, the T.V. simulator constrained 

peripheral vision. 

from optimal control performance based on a criteria implied 
by the subjects' instructions, the difference being characterized 

by insufficient planning for the second of two targets until 
after engagement with the first. 
trend in the direction of optimal performance. 

Of the three experiments inter-run variability was greatest in 
the T.V. model car simulator, least in the scope simulator. 

Variability was usuallygreater for the second of two targets, 
though the variance ratio was not statistically significant 
(>6.39 for df = 4/4). 

In the T.V. simulator when two spatially ordered targets were 

presented simultaneously the variability of response to the second 

With 

By contrast in the less realistic 

These differences may have been 

In general the subjects consistently differed 

With training there was some 
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t a r g e t  w a s  greater than when presenta t ion  of t he  second 

t a r g e t  w a s  delayed by one half  second. 

r a t i o s  were not  s t a t i s t i c a l l y  s i g n i f i c a n t  (>6 .39  f o r  df = 4/4). 
Again t h e  var iance  

4. Some r e s u l t s  f o r  experiments i n  which the  d r i v e r  w a s  forced 

t o  steer f o r  one t a r g e t  (of two poss ib l e  pos i t i ons )  i n  open-loop 

fashion (without any v i s u a l  feedback) a f t e r  a s i n g l e  g l ance  

a t  t h e  a c t u a l  t a r g e t  pos i t i on  showed su rp r i s ing ly  l i t t l e  

d i f f e rence  from the  closed-loop r e s u l t s .  

The e f f e c t s  noted above w i l l  r equ i r e  a l l o c a t i o n  of g rea t e r  resources  t o  

v e r i f y  s ta t i s t ica l  s igni f icance .  

47 



4. 

24 

0 
pos i t i on  a t  which s t e p  input  
w a s  appl ied  

APPENDIX I. STEP RESPONSE OF REMOTE CONTROLLED CAR 

Curves A and B represent  t h e  confidence l i m i t s  of seven and s i x  

runs respec t ive ly  f o r  a s t e p  input  t o  t h e  servoamplif ier .  

represents  t h e  response t o  an equiva len t  s t e p  input  t o  t h e  s t e e r i n g  

wheel of a complete cen te r  t o  s t o p  clockwise t u r n  (360 degrees).  

Curve B i s  t h e  response of an equiva len t  90 degree s t e p  input  t o  t h e  

s t e e r i n g  wheel. The confidence l i m i t s  are one s tandard devia t ion .  

Curve A 
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APPENDIX 11. PDP-8 COMPUTER PROGRAMS 

The programs of the optimal control model utilizing the 
dynamic programming algorithm and of the oscilloscope display 

simulation are written in PAL 3 assembly language for a Digital 

Equipment Corporation PDP-8 digital computer. The PDP-8 is a high 

speed computer with 4096 twelve bit words of core memory. 

The program of the optimal control model allows the experimenter 
to type in: initial starting position, vertical and horizontal 

coordinates for two targets, maximum vertical and horizontal dimen- 

sions of allowable space,error weighting function, velocity cost 

function, and acceleration cost function. After computation has been 

completed for a set of parameters the optimal trajectory is displayed 

on the oscilloscope. Options are provided for typing out the optimum 

score and trajectory and for inputing new parameters. 
requires approximately 1200 

The program 

words of memory. 

Because of their length these programs are not included. However, 

10 

the programs are maintained by the Man Machine Systems Laboratory of 

the Mechanical Engineering Department, M.I.T. 
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